In order to discover new matrices suitable for the analyses of low molecular-weight compounds using positive-ion mode matrix-assisted laser desorption/ionization (MALDI) time-of-flight mass spectrometry (MS), 5-(3-trifluoromethylbenzylidene)thiazolidine-2,4-dione (3-CF3-BTD) was synthesized, and its effectiveness was compared with that when commercially available α-cyano-4-hydroxycinnamic acid was used. 3-CF3-BTD was sufficiently sensitive to analyze neurotransmitters, i.e., dopamine, serotonin, histamine, and epinephrine, in amounts of several picomoles. Similar to vacuum MALDI experiments, atmospheric-pressure MALDI-MS measurements using 3-CF3-BTD as a matrix also detected dopamine.
Introduction
Matrix-assisted laser desorption/ionization (MALDI) 1,2 mass spectrometry (MS) is a powerful analytical tool not only for high molecular-weight compounds, [3] [4] [5] but also for biogenic substances. [6] [7] [8] [9] [10] However, when measuring low molecular-weight compounds (LMWCs) using an α-cyano-4-hydroxycinnamic acid (CHCA) matrix, the presence of abundant matrix-derived ions in the low-mass range interferes with the detection of target ions due to suppression and overlapping. The discovery of new matrices suitable for the detection of LMWCs could allow for neurotransmitter analysis. Efforts have been made to discover new matrices by modifying functional groups of the α-cyanocinnamic acid core unit, for example, 4-chloro-α-cyanocinnamic acid by Jaskolla et al., 11 4-phenyl-α-cyanocinnamic acid amide by Fülöp et al., 12 and (E)-propyl-α-cyano-4-hydroxyl cinnamylate by Wang et al. 13 In continuing efforts 14 to develop new matrices suitable for the detection of LMWCs, we designed and screened benzylidene-2,4-thiazolidinedione (BTD) derivatives (BTDs) as new matrix candidates. BTD has physicochemical properties equivalent to those of CHCA because 2,4-thiazolidinedione is a carboxylic acid isostere. 15 In this study, analyses of biologically important LMWCs, i.e., dopamine (DA), serotonin (5-HT), histamine (HA), and epinephrine (Epi), using (5Z)-5-(3-(trifluoromethyl)benzylidene) thiazolidine-2,4-dione (3-CF3-BTD) as a matrix were performed. In addition, atmospheric-pressure (AP)-MALDI-MS analysis of DA employing 3-CF3-BTD as a matrix was also carried out. The effectiveness of the 3-CF3-BTD matrix in detecting LMWCs was compared with that when the CHCA matrix was used.
Experimental

Materials
The commercially available matrix CHCA of MALDI-MS grade was purchased from Shimadzu GLC (Tokyo, Japan). 3,4-Dihydroxyphenethylamine (DA) hydrochloride, 5-HT hydrochloride, and HA dihydrochloride were from Wako Pure Chemical Industries (Osaka, Japan). DL-Epi hydrochloride was from Tokyo Chemical Industry (Tokyo, Japan). Acetonitrile (MeCN) of guaranteed grade was from Kanto Chemical (Tokyo, Japan). All aqueous solutions were prepared using distilled water from Otsuka Pharmaceutical Factory (Tokushima, Japan). 3-CF3-BTD 16 was synthesized through the Knoevenagel condensation of 2,4-thiazolidinedione with m-(trifluoromethyl)-benzaldehyde catalyzed by piperidine in ethanol according to a method of Xia et al., 17 and was recrystallized from ethanol/ water.
MALDI-TOFMS analysis
Positive-ion mode MALDI-TOFMS analysis in the reflectron mode was performed on an AXIMA-CFRplus instrument (Kratos Analytical, Manchester, UK/Shimadzu) equipped with a nitrogen laser (wavelength 337 nm). Four hundred and forty-one † To whom correspondence should be addressed. E-mail: tsubuki@hoshi.ac.jp profiles with respect to each spectrum were accumulated in the semi-automated raster mode so as to minimize arbitrary properties of the operation. The instrument was operated in the positive-ion mode at a 20-kV accelerating voltage in the m/z range from 100 to 500, and the pulsed-extraction function used to improve the mass resolution was set at m/z 1000. The laser power was adjusted to be slightly above the value where the target ion could be detected. The TOF analyzer was calibrated using the following external calibrants: CHCA ([M+H] + : 190) and its dimer ([2M+H] + : 379). Ions observed were identified with a mass accuracy of within 0.4 u. A volume of 0.5 μL of the matrix solution in MeCN:H2O 50:50 (v/v) (50% MeCN) and then 0.5 μL of the analyte solution in 50% MeCN (matrix-toanalyte molar ratio of 500:1) were deposited on a MALDI plate and left to dry at room temperature prior to the MS measurement. This measurement was replicated five times to confirm the repeatability of the method.
AP-MALDI-MS analysis
Analysis of DA was performed with an iMScope (Shimadzu), which is an AP-MALDI-QIT-TOFMS apparatus equipped with a 355-nm Nd:YAG laser. The instrument was operated in positive-ion mode in the m/z range from 50 to 400. The laser frequency was 1 kHz, and the laser diameter was set at 5 μm. Five thousand accumulations were acquired for an area of 2500 μm. A matrix solution 0.5 μL (5 mg/mL) was mixed on a stainless MALDI plate with the same volume of various concentrations of DA solutions.
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Results and Discussion
Search for a new matrix candidate
We synthesized about 60 BTDs, and then carried out initial screening. The results showed that a BTD with a CF3 moiety at the 3-position, i.e., 3-CF3-BTD, had superior sensitivity in analyses of LMWCs. The detection ability of synthesized 3-CF3-BTD was investigated in positive-ion mode MALDI-TOFMS experiments. Figure 1 shows the structure of 3-CF3-BTD and the mass spectra of DA using two matrices: (a) CHCA; and (b) 3-CF3-BTD. When the 3-CF3-BTD matrix was used, the intensity of the matrix ion ([M+H] + : 274) was inhibited to a greater extent, and a molecular ion of DA ([M+H] + : 154) was more clearly visible compared with when the CHCA matrix was used. 3-CF3-BTD was confirmed to function well as a matrix.
It was assumed that functional groups other than the hydroxyl group occurring in CHCA could contribute to better ability to obtain the MALDI-MS spectra of LMWCs, such as neurotransmitters. Although it was reported that the free carboxylic function is essential for matrix performance in MALDI, 19 the 2,4-thiazolidinedione unit in place of carboxylic acid may show potential as an effective matrix.
A suitable matrix must not only be able to ionize the molecular ions of an analyte, but also provide ease of operation. Solubility in commonly used solvents and stability in vacuo are also required. 3-CF3-BTD is easily soluble in a MeCN-water solution. The intensity of molecular ions of DA ([M+H] + : 154) after remaining in vacuo for 40 min did not change from that immediately after the insertion of a sample plate.
MALDI-TOFMS analysis
The + : 177). Therefore, measurements of 10 pmol of the analytes were carried out using 5 nmol of the two matrix species. The mass spectrum of DA when 3-CF3-BTD was used as a matrix is presented in Fig. 2a . The molecular ion of DA ([M+H] + : 154) was detected with a signal-to-noise ratio with S/N ≥ 100 (Fig. 3a) , HA ([M+H] + : 112) with S/N ≥ 50 (Fig. 3b) , and Epi ([M+H] + : 184) with S/N ≥ 15 (Fig. 3c) were detected when the 3-CF3-BTD matrix was used. When CHCA Fig. 2 (a) Positive-ion mode MALDI-TOF mass spectrum of DA 10 pmol using 5 nmol of 3-CF3-BTD matrix. The ion peaks observed in mass spectrum of 3-CF3-BTD alone are indicated with * . Positive-ion mode AP-MALDI mass spectra of DA: (b) 32.7 pmol; (c) 3.27 pmol using 3-CF3-BTD matrix. was used as a matrix, no molecular ions of 5-HT, HA, and Epi were detected.
Next, analyte solutions were diluted to 1 pmol, and measurements were performed. Molecular ions of DA, 5-HT, HA, and Epi were not detected. When a molecular ion originating from an analyte was observed with S/N ≥ 15, the analyte was judged to be "detected". The results are summarized in Table 1 .
AP-MALDI-MS analysis.
Many types of MALDI instruments equipped with different ion sources are commercially available.
We therefore investigated the applicability of the new matrix to various instruments. The analysis of DA with an AP-MALDI instrument using 3-CF3-BTD was performed. AP-MALDI-mass spectra of DA are shown in Fig. 2b : 32.7 pmol, and in Fig. 2c: 3 .27 pmol. Comparisons with CHCA demonstrated that 3-CF3-BTD had superior sensitivity to CHCA for the analysis of DA.
The results indicate that the 3-CF3-BTD matrix is applicable in both vacuum MALDI-MS and AP-MALDI-MS. 3-CF3-BTD works well as a matrix for analyses of LMWCs, and it is likely that the carboxyl and phenolic hydroxyl groups of CHCA are not always appropriate functional groups for this purpose, but can be substituted.
Conclusions
The new MALDI matrix candidate 3-CF3-BTD was found to be an alternative to the commonly used matrix CHCA for MALDI-TOFMS analysis of biogenic monoamine transmitters. As a result, the number of ion peaks derived from the matrix that would interfere with the identification of target ions in the lowmass range was reduced, making it easier to identify the target ions. Molecular ions [M+H] + of the biologically important LMWCs, i.e., DA, 5-HT, HA, and Epi, were detected in amounts of several picomoles. Furthermore, 3-CF3-BTD can be used in AP-MALDI-MS. Measurement conditions: sample to matrix ratio, 1:500 except "a"; solvent, 50% MeCN. a. 10 nmol of a matrix versus 1 nmol of an analyte. : A molecular ion was detected (S/N ≥ 15). N.D.: A molecular ion was not detected.
